the non-anatomic group than in the anatomic reconstruction group after foot strike (p < 0.05). Conclusion The AL bundle length decreased slightly, and the PM bundle length significantly decreased after foot strike during running in uninjured knees. Anatomic ACL reconstruction maintained normal PCL elongation patterns more effectively than non-anatomic ACL reconstruction during high-demand, functional loading. These results support the use of anatomic ACL reconstruction to achieve normal knee function in high-demand activities. Level of evidence Case-control study, Level III.
Introduction
The in vivo elongation of the anterolateral (AL) and posteromedial (PM) bundles of the posterior cruciate ligament (PCL) during high-demand activities (such as running) has not previously been reported. Additionally, the effects of anterior cruciate ligament (ACL) injury and reconstruction on PCL function are unknown.
The cruciate ligaments are the primary stabilizers to anterior-posterior translation, and important secondary stabilizers to rotation of the knee. The PCL consists of the distinct AL and PM bundles, each with unique insertion site characteristics and tensions during knee motion [8, 23, 31, 34] . Cadaveric studies have demonstrated that the AL bundle is relatively loose in knee extension and becomes progressive tensioned during knee flexion, while the PM bundle is tight in extension and loosens during knee flexion
Abstract
Purpose The goals of this study were to (1) investigate the in vivo elongation behaviour of the posterior cruciate ligament (PCL) during running in the uninjured knee and (2) evaluate changes in PCL elongation during running after anatomic or non-anatomic anterior cruciate ligament (ACL) reconstruction. Methods Seventeen unilateral ACL-injured subjects were recruited after undergoing anatomic (n = 9) or non-anatomic (n = 8) ACL reconstruction. Bilateral high-resolution CT scans were obtained to produce 3D models. Anterolateral (AL) and posteromedial (PM) bundles insertion sites of the PCL were identified on the 3D CT scan reconstructions. Dynamic knee function was assessed during running using a dynamic stereo X-ray (DSX) system. The lengths of the AL and PM bundles were estimated from late swing through midstance. The contralateral knees served as normal controls. Results Control knees demonstrated a slight decrease in AL bundle and a significant decrease in PM bundle length following foot strike. Length and elongation patterns of the both bundles of the PCL in the anatomic ACL reconstruction group were similar to the controls. However, the change in dynamic PCL length was significantly greater in 1 3 [1, 6] . In vivo studies during quasi-static, low-demand activities have reported similar reciprocal bundle tightening and loosening during knee motion [20] . Additional in vivo studies have reported significant changes in knee kinematics following PCL injury during static and low-demand dynamic conditions, such as slow-speed gait [10, 12, 18, 24] . A previous in vivo study demonstrated changes in tibio-femoral kinematics during running after PCL reconstruction surgery [26] . However, in vivo PCL elongation patterns during sports-related activities (such as running) have not been reported.
The cruciate ligaments function synergistically to guide knee motion, and contact and force transmission between the ACL and PCL have been reported for both uninjured and ACL-reconstructed knees [3, 16, 21, 33, 36] . Thus, it is reasonable to suggest that PCL function may be altered after ACL reconstruction, particularly for grafts that are positioned non-anatomically. Biomechanical studies suggest that anatomic reconstruction of the ACL is superior to non-anatomic reconstruction for restoring native knee stability [19, 35, 43, 44, 46] . However, the relative impact of the different procedures on PCL behaviour has yet to be characterized (particularly during high-demand, functional activities). A procedure to correct for damage to one structure within the knee that produces abnormal loading to another may not adequately protect the joint from further damage. Thus, understanding in vivo changes in biomechanical function of the PCL after ACL reconstruction can provide additional insights into the effectiveness of surgical treatment for restoring normal joint function and the relative merits of anatomic vs. non-anatomic graft placement and may provide additional guidance for surgical decision-making.
The purpose of this study was to investigate the in vivo PCL elongation during high-demand running activities and to compare effects of anatomic and non-anatomic ACL reconstruction techniques on PCL elongation. It was hypothesized that the in vivo PCL elongation patterns would vary during high-demand activities from the patterns that have been previously reported for static, low-demand conditions. It was further hypothesized that ACL reconstruction would alter the elongation patterns of the native PCL, with non-anatomic ACL reconstruction demonstrating greater alterations compared to anatomic reconstruction methods.
Materials and methods
Seventeen unilateral ACL-injured subjects 6-12 months after surgical reconstruction were recruited for this study. Institutional review board approval and informed consent were obtained prior to subject enrolment. Subjects underwent either anatomic ACL reconstruction (n = 9, 38 ± 12 years old, range 21-53 years; 3 males and 6 females, average BMI = 23.6, 4 SB and 5 DB ACL) or non-anatomic ACL reconstruction (n = 8, 33 ± 8 years old, range 23-44 years; 4 males and 4 females, average BMI = 23.7, 3 SB and 5 DB ACL). Sports injury was the most common reason for this group of patients. Two senior surgeons performing the reconstruction surgery used allograft in all cases of anatomic group and 6 cases of non-anatomic group, and hamstring was used in the left 2 cases of non-anatomic group. All subjects underwent postoperative rehabilitation following the standardized protocols used in the Department of Orthopedic Surgery, University of Pittsburgh. Bilateral high-resolution computerized tomography (CT) scans were obtained to produce 3D subject-specific bone models, and determination of anatomic versus nonanatomic reconstruction was based on the tunnel position assessed using CT. An anatomic coordinate system was employed to measure the tunnel position of the femur and tibia [9] . Subjects with femoral and tibia graft tunnels placed outside of the previously described native ACL footprints were included into the non-anatomic ACL group ( Fig. 1) [9, 15, 17] . Based on previous studies [42, 46] , subjects with high AM tunnels were also included into the non-anatomic group (Fig. 1) .
Knee kinematics were determined by utilizing a previously described dynamic stereo radiography (DSX) technique [2] . Three running trials were acquired for each knee during running on a dual-belt instrumented treadmill (Bertec Corp, Columbus, OH, USA) set at a 10 % decline and a speed of 2.5 m/s. The subjects were positioned so that their knees were centred within a biplane radiographic system surrounding the treadmill. Ground reaction forces during running were measured and recorded to determine the loading phase of each knee. High-speed stereo radiographic images were captured at 150 frames/second to evaluate knee kinematics during running. This measurement system has been used in prior studies of knee ligament function and is capable of evaluating in vivo joint motion with an accuracy of within ±0.1 mm [39, 40] .
The osseous geometry and landmarks of the femoral and tibial PCL insertions have been previously reported, and the application of a CT model to determine the centre of each insertion has also been described [20, 28, 30, 38] . The centroids of the individual AL and PM bundle footprints were identified on the previously obtained 3D CT scans of the femur and tibia. Briefly, on the femur side Lopes et al. [28] have extensively studied the location of the native PCL insertion site. Based on their study, the AL and PM centres were located between the articular cartilage edge and "medial intercondylar ridge". The centroids of AL and PM insertion site were identified on the femur side (Fig. 2a) . Based on a previous study [38] , tibial PCL insertion sites were located at the posterior intercondylar fossa between the tibial plateaus; the osseous landmarks "anterolateral slope" and "posteromedial slope" were used to locate the AL and PM bundles, respectively (Fig. 2b) . AL and PM bundle lengths were calculated as the 3D Euclidean distances between the estimated femoral and tibial insertion site centroids. AL and PM bundles lengths were assessed from 0.1 s before to 0.1 s after heel strike, capturing both swing phase and initial loading response.
This study was approved by the IRB of the University of Pittsburgh. (PRO08030126).
Statistical analysis
Independent-samples T tests were used to compare: the AL and PM bundle lengths among the ACL-reconstructed knees and contralateral, ACL-intact controls; the bundle length difference between the pre-heel strike and postheel strike states; and the change in bundle length of each group. All data were analysed with SPSS version 16 software (SPSS, Chicago, IL), with the level of significance set a priori at p < 0.05. Post hoc power of these statistical tests were calculated using G*Power 3.1.9.2 (Franz Paul, Kiel, Germany). Based on the results of the independent t test for PM bundle length changes between the study group and the controls, an effect size of 1.2 was calculated. With this effect size and an alpha of 0.05, a power of 0.96 was achieved.
Results
In the control (uninjured) knees, AL bundle length remained relatively unchanged (relative to the length just prior to foot strike) throughout early stance (27.6 ± 3.2-26.3 ± 3.5 mm, n.s.). There was a significant decrease in the PM bundle length after foot strike in the control knees ( Fig. 3; 30 .9 ± 3.3-27.4 ± 3.5 mm, p < 0.05 for t = 0.05-0.1 s). There were no significant length changes in the AL or PM bundles from just prior to foot strike though early stance in either the anatomically or non-anatomically ACLreconstructed knees.
In the non-anatomic reconstruction group, PCL bundle lengths were significantly different between ACL-reconstructed and contralateral (uninjured) knees from 0 to 0.07 s following foot strike for the AL bundle and from 0 to 0.06 s following foot strike for the PM bundle (Table 1 ; p < 0.05). There were no significant differences in PCL bundle lengths between ACL-reconstructed and contralateral (uninjured knees) in the anatomically ACL-reconstructed group.
Discussion
The most significant finding of this study was the significant difference in PCL elongation behaviour between uninjured knees and ACL-reconstructed knees with non-anatomic tunnel placements. This difference did not exist for knees reconstructed using more anatomically placed graft tunnels. Thus, anatomic ACL reconstruction maintained normal PCL elongation patterns more effectively than nonanatomic ACL reconstruction during a high-demand physical activity (running).
Current knowledge of the biomechanical functions of the posterior cruciate ligament (PCL) is predominantly the result of cadaveric studies [1, 7, 11, 32] . Ahmad et al. demonstrated that the posterior tibial restraint of the PCL was greatest at the knee flexion angles where each PCL bundle reached its maximal length, with the greatest contribution of the PM bundle occurring between 0° and 45° of knee flexion and the greatest contribution of the AL bundle occurring beyond 45 degrees of knee flexion [1] . Markolf et al. [29] observed only a small increase in posterior tibial translation following isolated transection of the PM bundle, concluding that the PM bundle provides a relatively minor role in restraining posterior tibial translation. Their experimental design was restricted to anterior-posterior laxity testing and may have underestimated the contribution of the PM bundle to rotational stability.
In vivo studies of PCL biomechanics can provide a more clinically meaningful assessment of the true role of the PCL for providing AP and rotational stability during functional activities. There is currently a paucity of in vivo data on PCL behaviour in the current literature. Previous authors have attempted to characterize PCL function in vivo with static images obtained during a weight-bearing lunge [23, 25, 27, 34, 41] . They demonstrated elongation of the PCL with increasing knee flexion angles and significantly altered knee kinematics with PCL injury/insufficiency. The present study focused on the in vivo role of the PCL during a common but high-demand activity that would be applicable to a wide population, regardless of athletic status. During this high-load activity, PCL length decreased after foot strike, contrasting previous studies [23] demonstrating PCL elongation during a lunge manoeuvre. Those different patterns may relate to high-demanding quad/hamstring activation patterns and ground reaction force, which may be different from static or low-demanding activities. High-demanding activity may result in femur posterior translation and contribute to kinematic changes in the knee. Future studies focusing on the mechanism under high-demanding activity should be conducted. This finding may demonstrate that PCL elongation and function are dependent on activity, where rapid high-impact loads may lead to shortening of the PCL in vivo, while static loading of the knee may result in PCL elongation with increasing knee flexion. Possible reasons for this include the knee flexion angle during maximum load and quadriceps activation patterns during each activity. Further investigation may be able to delineate the causes for these findings. The ACL and PCL play a synergistic role in providing stability to anterior-posterior translation and rotation of the knee during activity [11] , and the patterns of instability following isolated or combined injuries to the cruciate ligaments have been well defined in the literature [1, 5, 12, 13, 22, 25, 37, 41] . Biomechanical studies have demonstrated the improved ability of an anatomic ACL reconstruction to more closely restore the native stability of the knee compared to non-anatomic techniques [46] ,although differences between anatomic and non-anatomic ACL reconstruction techniques were small in some studies [4, 45] . Efforts to more closely recreate the ACL anatomy during reconstruction have lead to the development of single-and double-bundle anatomic techniques, although prospective clinical studies have yet to demonstrate significant clinical differences, as both methods have achieved excellent results [14] . A significant amount of research has focused on the optimal treatment of ACL injury and reconstruction, but little is known about the effects of ACL reconstruction on the surrounding structures of the knee. Iriuchishima et al. [16] demonstrated that high femoral tunnel placement during ACL reconstruction in porcine knees resulted in elevated impingement pressures against the neighbouring PCL. They concluded that anatomic ACL reconstruction avoids impingement against the PCL while more closely restoring native knee stability. The results in this study demonstrated that, in uninjured knees, the AL bundle is nearly isometric, while the PM bundle decreases in length from late swing through early stance phase of running. While the PCL bundle length change patterns were qualitatively similar in ACL-reconstructed knees (especially for the anatomically reconstructed group; Fig. 4 ), no significant changes in length over time were identified for affected knees in either ACL reconstruction group. This may be due to the limited sample size, or possibly greater subject-to-subject variability in the reconstructed knees.
While PCL elongation patterns were similar between limbs after anatomic ACL reconstruction, significant differences in PCL lengths between ACL-reconstructed and contralateral (uninjured) knees were found through out most of early stance in the non-anatomic reconstruction group for both AL and PM bundles. Thus, anatomic ACL reconstruction better maintains the normal PCL elongation patterns during running. This may be due to the improved AP stability of anatomic reconstructions, resulting in less pathological translation and PCL elongation during dynamic activity. With respect to the synergistic functions of the ACL and PCL, this finding supports the use of anatomic ACL reconstruction to more accurately restore normal knee kinematics.
Several limitations exist in this study. These results are based on measurements of the PCL calculated indirectly from points placed within the centre of the estimated native PCL insertion sites utilizing modern anatomic understanding as a reference. However, individual insertion site variations may not be completely accounted for with this technique. Another limitation is the relatively small sample size; larger sample sizes in the subgroups might have enabled detection of subtle but significant differences in PCL elongation. Additionally, the changes in PCL bundle length found during running were based on the 3D Euclidean distance between the estimated femoral and tibial insertion site centroids and did not account for any torsion, bending or wrapping of the ligament around the ACL, femoral condyles or other soft tissues.
In this study, we found that the length of both the AL and PM bundles decreased after heel strike during running. This elongation pattern varies from previously reported in vivo studies, which have demonstrated increasing PCL elongation with increasing knee flexion angle [23] , and may demonstrate that the elongation pattern within the PCL fibres is highly activity dependent. This has possible implications for selecting appropriate rehabilitation activities after PCL injury. Differences in PCL behaviour in the non-anatomically reconstructed knees (but not after anatomic reconstruction) provide additional evidence that ACL graft placement has a complex, joint-wide effect on dynamic knee function. Anatomic ACL reconstruction is recommended for restoring normal PCL kinematics and dynamic knee function during high-demand activities after ACL injury.
Conclusion
Elongation behaviour of the PCL during a demanding activity (running) was investigated after either anatomic or non-anatomic ACL reconstruction. In uninjured knees, the AL bundle length of the PCL length of the PM bundle significantly decreased after foot strike, while the AL bundle length remained relatively constant. Anatomic ACL reconstruction maintained normal PCL elongation patterns more effectively than non-anatomic ACL reconstruction during high-demand, functional loading.
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